Transition metals diborides (Ti,Zr,Hf)B 2 play a key role in applications where stability at extremely high temperatures and damage tolerance are required; however, much research has still to be done to optimize the joining of these materials to themselves or to other high-temperature materials. In this study, the reactivity at the solid-liquid interface between ZrB 2 ceramics and Ni-based brazing alloys has been addressed; it is shown how the reactivity and the dissolution of the solid phase can be controlled and even suppressed by adjusting the brazing alloy composition on the basis of thermodynamic calculations. Wetting experiments on ZrB 2 ceramics by Ni, Ni-B 17 at.%, and Ni-B 50 at.% were performed at 1500 and 1200°C by the sessile drop technique. The obtained interfaces were characterized by optical microscopy and SEM-EDS, and interpreted by means of the ad hoc-calculated B-Ni-Zr ternary diagram. A correlation among microstructures, substrate dissolution, shape of the drops, spreading kinetics, and the phase diagram was found. The effect on the interfacial reactivity of Si 3 Ni 4 used as a sintering aid and issues related to Si diffusion into the brazing alloy are discussed as well.
Introduction
Transition-metal diborides are ceramic materials with an attractive combination of properties: extremely high melting temperature, high hardness and chemical inertness, high thermal and electrical conductivities, and thermal shock resistance (Ref [1] [2] [3] . In order to support the exigent operating conditions targeted by these materials, such as high thermal fluxes and severe surface stresses, it is necessary to design specific processes for joining ceramics to other ceramics or to special alloys. Joints must be reliable, robust, and the methods of joining must become increasingly capable of successfully accommodating new materials combinations and fabricating structures with an increasing geometric complexity and size.
When using liquid-phase-bonding processes, understanding how well the liquid wets the two solid surfaces, investigating the interplay between liquid and solid chemistries and the interfacial energetics, and controlling the interfacial reactions are essential to develop new joining approaches.
Some data addressing these issues are already available in the literature for transition-metal diborides since 1970s . In the recent years, more articles appeared on this topic fueled by a renewed interest for these materials. A broad survey of the results for diborides of the metals belonging to the IV Group (Ti, Zr, and Hf) can be found in Passerone et al. (Ref 9, 10) and in Muolo et al. (Ref 11) . On top of the wetting studies, many articles appeared in the last ten years describing joining processes or metal-ceramic composite formation especially for TiB 2 and ZrB 2 (Ref [16] [17] [18] [19] [20] [21] [22] [23] , while just a few studies involve HfB 2 (Ref 11, 24) .
In particular, this author group has undertaken a systematic study on wettability, reactivity, and interfacial properties of diborides belonging to the IV Group (Ti, Zr, and Hf). Such kind of studies are carried out by the sessile drop method ( Ref 9, [25] [26] [27] , and the experimental findings are interpreted and supported from the basic point of view by multi-component phase diagrams calculated by the CALPHAD method (Ref [28] [29] [30] or by first-principle approaches, such as the Density Functional Theory (Ref 31) .
Within this framework, in this article, the wettings of ZrB 2 by Ni and two binary Ni-B alloys were evaluated by means of the sessile drop method at 1500 and 1200°C. The composition of the alloys were Ni/17 at.% B (NiB17), that is, the eutectic composition having melting point at 1093°C and Ni/50 at.% B (NiB50), that is, the intermetallic compound with a peritectic reaction at 1035°C. After tests, the obtained interfaces were characterized by optical microscopy and SEM-EDS.
A more in-depth understanding of the behavior of these systems is presented on the basis of the newly computed B-NiZr ternary phase diagram (Ref 28) The complete new set of data allows a more reliable interpretation of the solid-liquid interaction phenomena observed during wetting experiments; on the other hand, the prediction of the interfacial behavior of the metal-ceramic system can assist the formulation of new alloy compositions.
The effects on the interfacial reactivity of Si 3 Ni 4 used as a sintering enhancer to improve the final density and microstructure of ZrB 2 , and issues related to Si diffusion into the brazing alloy are discussed as well.
Materials and Experimental

Materials
The ZrB 2 specimens used in this study were produced by ISTEC-CNR (Faenza, I), as described by Monteverde et , which corresponds to a relative density of 0.98.
Before testing, the substrates were polished on diamond grinding disks to reach a final surface roughness R a = 0.03 lm measured over a length of 4.8 mm.
The NiB17 alloy has been prepared by pre-melting the pure Ni (>99.99%; Goodfellow, Cambridge, UK) and crystalline powder B (>99.4%; size <180 lm; H.C. Starck, Goslar, D) in alumina crucibles under high-vacuum conditions (P = 10 À4 Pa) in the presence of a Zr getter. The NiB50 alloy was prepared under the same conditions starting from an alloy precursor (>99.8%; Goodfellow, Cambridge, UK) in the form of powder with a maximum particle size of 150 lm.
The final morphology and composition of the alloys were checked using electron microscopy (SEM) coupled with energy-dispersive spectroscopy (EDS) analysis. Pieces of about 0.3 g of these alloys were then mechanically and chemically cleaned and used for the sessile drop tests.
Experimental
Wetting was evaluated by measurement of contact angle and drop dimensions (height and base diameter) measurements using the sessile drop technique (Ref 36) and the ad hocdesigned ASTRAView image analysis software, which allows obtained by surface tension, drop dimensions, and contact angle data (h) during each experimental run (Ref 37) .
The experimental apparatus for wetting tests consists of a specially designed furnace which can reach 1600°C; the experimental chamber is made of two concentric, horizontal alumina tubes connected to a high-vacuum system; the apparatus has been fully described in a previous publication (Ref 38) . The metal/ceramic couples were introduced into the preheated furnace by a magnetically operated push rod only after all parameters (temperature T, oxygen partial pressure PO 2 , etc.) had reached equilibrium; complete melting occurred in $30 s. After the tests, the samples were taken out from the hot zone and allowed to cool down without opening the furnace.
Experiments were performed at 1500°C for all the compositions, while NiB17 and NiB50, which melt at lower temperatures, were tested at 1200°C as well. An Ar + 5 at% H 2 mixture was used as a testing atmosphere with a flow of 0.001 l/s (measured at STP); the PO 2 of the working atmosphere was continuously monitored by solid-state oxygen sensors at the chamberÕs inlet and outlet. In this study, Zr getters surrounded the specimens, which should set a theoretical minimum PO 2 of 10 À18 Pa or 10 À23 Pa, i.e., the equilibrium dissociation pressures of ZrO 2 at 1500 and 1200°C, respectively.
The drop/substrate couples were recorded as sharp, back-lit images, using a high-resolution CCD camera. The drop dimensions could be calculated with a precision of ±1 lm through a careful determination of the magnification factor, while the intrinsic precision of contact angle data is of the order of ±0.5°; however, possible optical distortions due to the high temperature involved lead to uncertainties in the measured profiles, suggesting a more conservative final contact angle accuracy of the order of ±2°(Ref 39).
The samples were held at high temperature for 1800 s; after the tests, the top surface of the drops was observed and analyzed by optical and SEM/EDS analysis, as well as the metal-ceramic interfaces after cross-sectioning of the samples.
Results and Discussion
Wetting at 1500°C
Wettability data are summarized in Table 1 ; for all the systems analyzed in this study, a condition of wetting (h < 90°) is achieved. As described in the following, since the metalceramic couples underwent strong interfacial interactions, the final contact angles reported here are ''apparent angles'' as they are a measure of that part of the angle above the solid surface without taking into account the hidden part below it.
At 1500°C, pure Ni wets ZrB 2 according to the spreading kinetics shown in Fig. 1 . Three steps can be recognized: (a) a first spreading immediately after the melting of the metal; (b) a stationary stage lasting about 500 s with a constant contact angle of $23°; and (c) a further spreading with a final contact angle of less than 10°. For the NiB17 alloy, a similar spreading kinetics is reported, and the final contact angle is less than 10°a s well. For the NiB50 alloy, after the spreading, which takes place in about 25 s, no further evolution occurs, and the final contact angle is 30°.
The cross sections of the three couples, namely Ni/ZrB 2 , NiB17/ZrB 2 , and NiB50/ZrB 2 after the test at 1500°C, are shown in Fig. 2 . A remarkable substrate dissolution is clearly visible at the solid/liquid interface in the Ni/ZrB 2 cross section, and a sigmoidal profile of the interface is formed. The same phenomenon, even if less pronounced, can be observed in the case of NiB17, while it is suppressed for NiB50.
Comparisons between the drop base diameters measured during the wetting tests and on the cross-sectioned samples let us infer that the dimensions of the central crater, formed by (Fig. 3) , while NiB50-solidified drop shows recrystallized ZrB 2 in a considerably smaller amount. Both the shape and the dimension of these crystals, which are different from those of the as-received ceramic, prove that they form from the primary solidification of the melt.
Analyses of the cross sections of the solidified drops do not show the presence of any ZrB 2 crystal in the interior, because the density of ZrB 2 (6.09 9 10 3 kg/m 3 ) is lower than the one of the liquid quaternary B-Ni-Si-Zr alloy. Moreover, smaller ZrB 2 crystals can also be found around the solidified drop, close the triple line, meaning that, during cooling, a shrinkage of the drop takes place, which leaves behind ZrB 2 crystals and does not allow them to grow like the ones on the top.
The compositions of the bulk alloys after solidification reflect the situation described so far. For the pure Ni/ZrB 2 system, the final microstructure is shown in Fig. 4 . An eutectic structure was formed upon solidification which is constituted by a phase, bright in the picture, containing Ni, B, and Zr in proportions similar to the compound Zr 2 Ni 21 B 6 ; and a zone (dark) containing, besides Ni and B, up to 20 at.% of Si with a negligible amount of Zr (<2 at.%). During the process, the liquid alloy infiltrates into the ceramic pores leaving under the drop a metal/ceramic layer with thickness of about 40 lm as is clearly visible in Fig. 4 .
A similar situation is reported for the NiB17 alloy, but the dissolution of the substrate is less marked; again, an eutectic structure forms, constituted by the Zr 2 Ni 21 B 6 compound and a B, Ni, and Si alloy.
The cross section of the solidified NiB50 drop shows an interface which remained macroscopically planar, indicating that the dissolution took place only to a limited extent. Microanalysis revealed the presence of boron crystals, mainly at the metal-ceramic interface, formed during cooling (Fig. 5a ) and the absence of the Zr 2 Ni 21 B 6 compound. The bulk phase is mainly constituted by a Ni-B alloy, while the presence of Si is limited to the bright zones shown in Fig. 5(b) . The low amount of Zr derived from the slight dissolution forms, upon cooling, the ZrB 2 crystals found on the top of the drop.
Phenomena observed during wetting tests as well as in micrographs and EDS analyses can be explained on the basis of the Ni-B-Zr phase diagram (Fig. 6 ): when the molten alloys are brought into contact with ZrB 2 at a certain temperature, an equilibrium condition is established between the two phases, which can be followed on the corresponding isothermal section. On the basis of the computed phase diagram (Fig. 6a) , pure Ni, when placed in contact with ZrB 2 , melts at a temperature (about 1100°C) well below its melting point (1453°C), giving rise to a ternary liquid phase due to an important dissolution of ZrB 2 . The isothermal section at 1500°C of the ternary diagram (Fig. 6c) shows also that, at the same temperature, the dissolution of the boride is greatly reduced and almost disappears if a Ni-B alloy with X B > 50 at.% is placed in contact with ZrB 2 .
Indeed, pure Ni in contact with ZrB 2 enters a biphasic equilibrium formed by a solid (ZrB 2 ) and a liquid phase with composition indicated by point a. An increased amount of B in the alloy causes a reduction in the ZrB 2 dissolution and a variation of the liquid phase composition, which follows the liquidus line from point a through point b to c for Ni, NiB17, and NiB50. The reduced substrate dissolution with increasing B content explains the gradual disappearance of the sigmoidal shape of the interface previously described.
On lowering temperature, the ZrB 2 /liquid biphasic region of the Ni-ZrB 2 isopleth widens, the concentration of Ni in the liquid increases, and, at the same time, the recrystallization of a certain amount of ZrB 2 takes place. The extent of this phenomenon decreases from Ni to NiB17 to NiB50, as the For these reasons, remarkable amounts of recrystallized ZrB 2 can be found in the solidified Ni drop, while smaller amounts are present in NiB17 and NiB50.
According to the phase diagram, at 1500°C a triphasic region exists close to the boron corner, where B, ZrB 2 , and a liquid phase coexist. On lowering the temperature, this region widens reaching the composition NiB50 just below 1100°C: for this reason, boron crystals can be found in the NiB50-solidified drop. This explanation comes also from the NiB50-ZrB 2 isopleth (Fig. 6b) where a narrow region of coexistence of liquid + B + ZrB 2 is depicted. The same isopleth shows that, as revealed by microanalysis, the Zr 2 Ni 21 B 6 compound cannot exist and that the solidification leads to a Ni-B alloy and recrystallized ZrB 2 .
Wetting at 1200°C
Wetting tests have also been performed at 1200°C with NiB17 and NiB50; the final contact angles are 21°and 58°, respectively.
The NiB17 spreading kinetics (Fig. 7) shows a decrease in contact angles, which occurs in several steps, and the process does not stop even after 25 min from the beginning of the test. At the same time, the drop base diameter grows, and the height decreases.
On the contrary, the spreading of the molten NiB50 alloy takes place in 200 s, and afterward the contact angles do not show any further variation. Cross sections of the NiB17/ZrB 2 and NiB50/ZrB 2 couples are shown in Fig. 8 : while the former shows a sigmoidal shape, meaning that an interaction between alloy and ceramics occurs, the resulting NiB50/ceramic interface is macroscopically planar. Again, the microanalyses show the formation of an eutectic structure of the metallic phase for the NiB17 alloy with formation of the compound Zr 2 Ni 21 B 6 and introduction of Si into the alloy.
At a microscopic level, the EDS analyses, performed on the NiB50 drop after the wetting test, demonstrate the absence of Zr in any of the spots identified in the solidified alloy, confirming that no dissolution of ZrB 2 occurs at all. Even in this case, pure boron recrystallizes in the metal phase during cooling. Despite the absence of dissolution of the substrate, an eutectic structure is still present caused by a preponderant Ni-B phase accompanied by a primary-solidification phase Ni-Si-B, containing a considerable amount of Si (up to 20 at.%), which, originally located in ZrB 2 grain boundaries, diffuses into the liquid alloy.
According to the isothermal section at 1200°C of the phase diagram (Fig. 6d) , the dissolution of ZrB 2 into the molten alloy is more pronounced for NiB17 than for NiB50 (where it almost disappears), and less pronounced at 1200 than at 1500°C for both alloys.
The NiB50 alloy showed the highest final contact angles toward ZrB 2 : 30°and 58°at 1500 and 1200°C, respectively.
The amount of Zr introduced in the alloy by the dissolution of ZrB 2 is the key parameter for the explanation of the different wetting behaviors. 
Conclusions
The wettings of ZrB 2 by Ni and Ni-B alloys (17 and 50 at.%) were evaluated at 1500 and 1200°C, by means of the sessile drop method. Wetting results and microstructures were discussed and, coupled with the ternary B-Ni-Zr phase diagram, ad hoc calculated by the CALPHAD method. Even though the fast cooling used in this study led to non-equilibrium solidification conditions, the phase diagram is an extremely useful tool to interpret the phenomena occurring during the metalceramic contact.
At 1500°C, pure Ni wetted well and fast ZrB 2 (h < 10°), but strong dissolution of the ceramic occurred, accompanied by the dissolution of B, Zr, and Si into the liquid alloy with reprecipitation of ZrB 2 crystals upon cooling and formation of the Zr 2 Ni 21 B 6 compound. The dissolution and the following spreading of the saturated alloy led to the characteristic sigmoidal shape of the metal/ceramic interface; moreover, an infiltrated layer formed. As predicted by the phase diagram, the addition of B leads to a decrease (NiB17 alloy) and, finally, to almost the disappearance of the substrate dissolution (NiB50 alloy).
Experiments conducted at 1200°C showed a decrease in wettability for both the NiB17 (h = 21°) and NiB50 (h = 58°) alloys. According to the microanalysis and to the phase diagram, a slight dissolution is still found for the NiB17 alloy, while it is eliminated for the NiB50 alloy.
Compounds such as ZrSi 2 and a B-N-O-Si-Zr glassy phase mainly located at the grain-boundary triple lines, which derived from Si 3 N 4 used as a sintering enhancer, introduced Si from the ceramic into the liquid phase leading to a quaternary alloy Ni-B-Zr-Si.
Both the wetting behaviors of the ZrB 2 ceramic with Ni and Ni/B alloys and the B-Ni-Zr phase diagram are very similar to those which were found for HfB 2 ceramics and for the B-Hf-Ni system (Ref 29) .
